Rad51 protein plays an essential role in recombination repair of DNA double-strand breaks and DNA crosslinking adducts. It is part of complexes which can vary with the stage of the cell cycle and the nature of the DNA lesions. During a search for Rad51-associated proteins in CHO nuclear extracts of S-phase cells by mass spectrometry of proteins immunoprecipitated with Rad51 antibodies, we identified a centrosomal protein, c-tubulin. This association was confirmed by the reverse immunoprecipitation with c-tubulin antibodies. Both proteins copurified from HeLa cells nuclear extracts following a tandem affinity purification of double-tagged Rad51. Immunofluorescence analysis showed colocalization of both Rad51 and c-tubulin in discrete foci in mammalian cell nuclei. The number of colocalized foci and their overlapping area increased in the presence of DNA damage produced by genotoxic treatments either during S phase or in exponentially growing cells. These variations did not result from an overall stress because microtubule cytoskeleton poisons devoid of direct interactions with DNA, such as taxol or colcemid, did not lead to an increase of this association. The recruitment of Rad51 and c-tubulin in the same nuclear complex suggests a link between DNA recombination repair and the centrosome function during the cell cycle.
Introduction
Homologous recombination is an essential mechanism for the survival of all living organisms. It occurs during the S and G2 phases of the cell cycle between sister chromatids and assures a high fidelity process (Fukushima et al., 2001; Saintigny et al., 2001 ). Homologous recombination is responsible for efficient repair of DNA double-strand breaks that result from IR treatment, intermediates of interstrand-crosslink DNA repair, or natural processes such as meiosis, mating switching in yeast or viral replication. In somatic cells, homologous recombination rescues stalled or collapsed replication forks that generally lead to double-strand breaks (Cox, 2002) . If left unrepaired these strand breaks result in chromosome loss, induction of cell death or genetic instability.
Rad51, a structural homologue of Escherichia coli RecA recombinase, is the most conserved recombination enzyme in living organisms. Its role in repair has been demonstrated by several studies. Vertebrate cells lacking Rad51 protein are unviable and conditional mutants accumulate broken chromosomes that suggests a link with double-strand breaks repair (Sonoda et al., 1998) . Mouse embryos blastocytes deleted for RAD51 gene are highly sensitive to ionizing radiation (IR) (Tsuzuki et al., 1996) . In addition, a mild overexpression of Rad51 in mammalian cells leads to increased spontaneous recombination frequency (Vispe et al., 1998; Arnaudeau et al., 1999) and increased homologous recombination following ionizing radiation treatment (Lambert and Lopez, 2000) . Moreover, it results in an increased resistance to IR when cells are in S phase (Vispe et al., 1998) . Rad51 protein relocalizes and concentrates in nuclear foci following genotoxic treatments, such as UV irradiation, IR treatments, and mitomycin C (MMC) exposure (Haaf et al., 1995) . These foci are believed to be sites of repair either at DNA lesions or at broken replication forks (Tashiro et al., 1996; Haaf et al., 1999) .
Abnormal expression of Rad51 has been reported in various carcinomas indicating the requirement of a tight regulation of the protein expression (Maacke et al., 2000; Yoshikawa et al., 2000) . Many proteins including tumour suppressor proteins have been shown to interact directly or indirectly with Rad51. Among these, p53, in addition to its role in the control of the cell cycle, regulates homologous recombination by direct interaction with Rad51 (Buchhop et al., 1997; Linke et al., 2003) . Brca2 is required for Rad51 foci formation after DNA damaging treatment (Yuan et al., 1999) , and homologous recombination repair of double-strand breaks (Moynahan et al., 2001b) . It also directly interacts with the recombinase and could participate in its nuclear localization (Davies et al., 2001; Pellegrini et al., 2004) . However, nuclear foci of Rad51 are also observed during S phase independently of the presence of Brca2, suggesting that distinct pathways, requiring different proteins, could contribute to Rad51 foci formation in S phase or following DNA-damaging treatments (Tarsounas et al., 2003) . Brca1 colocalizes with Rad51 in S phase and following DNA-damaging treatments (Scully et al., 1997) , but this interaction is thought to be indirect and mediated by Brca2 (Venkitaraman, 2002) . In addition, the helicase Rad54 participates in Rad51 foci formation following IR exposure, MMC or methyl methane sulphonate treatment, but is not required for their formation following UV irradiation (Tan et al., 1999) . Therefore, it appears that the complexes involving Rad51 vary in relation to the cell cycle phase and/or the nature of the DNA lesion and could be involved in stress signalling or linking repair with the cell cycle.
During a search for mammalian proteins that could participate in the regulation of homologous recombination catalysed by Rad51, we found that g-tubulin was part of common nuclear complexes in S-phase undamaged cells. Moreover, Rad51 and g-tubulin colocalize in the nucleus as foci in exponentially growing cells. These foci increased both in number and area in irradiated or nonirradiated S-phase cells and after treatments with DNA-damaging agents. The presence of g-tubulin in mammalian cell nucleus was unexpected, since the complexes containing g-tubulin described so far are cytoplasmic and recruited mainly to cytoskeletal structures, where they participate in microtubule organization (Job et al., 2003) .
Results
Identification by mass spectrometry of g-tubulin in a Rad51 immunoprecipitated nuclear complex
We used CHO cells (RS1) that overexpress Rad51 two to three times to identify proteins that could be associated to Rad51. This mild overexpression increased spontaneous recombination activity by a factor of 20 without impairment of cell viability (Vispe et al., 1998) . Since homologous recombination is more efficient in late S/G2 phase when sister chromatids are present, we synchronized RS1 cells by aphidicolin treatment, released them into the cycle for an hour and prepared nuclear extracts in 420 mM salt. About 80% of the cells were in S phase (not shown). Protein complexes (2 mg) containing Rad51 were immunoprecipitated by antiRad51 antibodies and separated by SDS/PAGE. Out of five gels, between 10 and 15 protein bands were analysed by mass spectrometry. Among these, BRCA2, an expected Rad51-associated protein, was identified once. Rad51 antibodies immunoprecipitated twice g-tubulin, that was identified by Maldi-Tof mass fingerprinting analysis (Table 1) . g-Tubulin identification was confirmed by a complementary approach using nano-LC-MS/MS analysis, allowing unambiguous identification of part of the protein sequence (Figure 1 ). This nineamino-acid peptide is strictly conserved in all g-tubulin from mammals to Drosophila. This observation suggested that Rad51 and g-tubulin could contribute to a common, salt-resistant protein complex. (Biemann, 1990) and identifies g-tubulin using SEQUEST Browser software by searching against entries from Swiss-Prot database with MS/MS data Peptide masses determined by MALDI-TOF analysis of the tryptic digest of g-tubulin are compared to the theoretical masses resulting from the Swiss-Prot database search. Corresponding mass differences, peptide sequences and positions in the protein sequence are indicated. The matched peptides cover 17% of the protein sequence Rad51-c-tubulin nuclear complexes in DNA-damaged cells C Lesca et al g-tubulin and Rad51 participate in the same complex in S-phase mammalian cells
To ascertain whether g-tubulin associated with Rad51 in a nuclear complex, the recombinase was immunoprecipitated from the nuclear extract of RS1 cells synchronized in S phase. The immunoprecipitated complex was submitted to SDS/PAGE and immunoblotted with either anti-g-tubulin or anti-Rad51 antibodies ( Figure 2a, lanes 1-4) . When anti-Rad51 antibodies were used for immunoprecipitation, a fraction of gtubulin was specifically detected using two independent g-tubulin antibodies, GTU88 and R75. In addition, the reciprocal immunoprecipitation of Rad51 by anti-gtubulin antibody was observed ( Figure 2b ). Co-immunoprecipitation of the two proteins was also obtained in nuclear extracts from S-phase AA8 cells carrying or not the empty pRcCMV vector, indicating that this association is not linked to Rad51 overexpression. In addition, Rad51 and g-tubulin coimmunoprecipitated with Rad51 antibodies from total extracts of a murine preB cell line and from nuclear extracts of hamster V79 cells ( Figure 2a , lanes 5-8). Thus, the association of both proteins in a soluble complex was detected in all rodent cell lines tested.
In contrast, these experimental conditions did not allow the reproducible copurification of Rad51 and gtubulin in HeLa and U2OS human cell lines. We thus attempted to isolate this complex from human cells using the tandem affinity purification (TAP) procedure (Rigaut et al., 1999) . Human Rad51 in fusion with the calmodulin-binding peptide (CBP), the TEV protease cleavage site, and an IgG-binding domain of protein A was stably expressed in HeLa cells. Cellular extracts from S-phase cells were prepared. The first IgG affinity column purification was followed by TEV digestion and the second calmodulin affinity purification. The various steps were followed by immunoblotting using anti-Rad51 and anti-g-tubulin antibodies. The tagged Rad51 was not overexpressed compared to the endogenous protein ( Figure 2c Hence, using two independent experimental approaches, a fraction of g-tubulin was present in a complex with Rad51 in rodent and human cells.
g-Tubulin colocalizes with Rad51 in nuclear foci
The association of Rad51 and g-tubulin in nuclear soluble complexes suggested that g-tubulin was present in the nucleus of mammalian cells. Owing to a possible artefactual redistribution of these complexes during biochemical fractionation, the immunolocalization of both proteins was attempted by EM in S synchronized RS1 cells (not shown). Both Rad51 and g-tubulin were specifically detected in the nucleus. g-Tubulin antibodies showed increasing densities of 0.9, 1.6, and 2.6 gold particles in the nucleoplasm, the perinuclear chromatin, and the nucleolus, respectively. The protocol used did not allow the specific detection of Rad51. Using a slightly different method, the specific labelling of Rad51 appeared low in the nucleoplasm, increased six fold in the perinuclear chromatin and was undetected in the nucleolus. The results are representative of two experiments using GTU88 and one using R75 for g-tubulin IP. (c) Copurification by tandem affinity of Rad51 and g-tubulin from HeLa cells extracts. Tagged Rad51 was affinity purified from total extract of 10 8 S-phase synchronized HeLa cells. The various steps of the purification were analysed by Western blot using either anti-Rad51 antibodies (upper part), or anti-g-tubulin antibodies (lower part). Lane 1: total extracts; lane 2: IgG column flow-through; lane 3: eluted fraction from the first purification on IgG column followed by TEV protease digestion; lanes F1-F5: calmodulin column eluted fractions (representative results of two independent experiments) Rad51-c-tubulin nuclear complexes in DNA-damaged cells C Lesca et al Hence, the distribution of both proteins was enriched in the perinuclear chromatin.
In order to further address the question of g-tubulin and Rad51 nuclear association, a qualitative and quantitative study was addressed by immunofluorescence using a protocol allowing the observation of the complexes linked to the nuclear material.
In S-phase cells and in DNA-damaged cells, Rad51 protein concentrates in nuclear foci in which DNA repair takes place (Haaf et al., 1995; Tashiro et al., 2000; Lisby et al., 2003) . In order to detect the immunofluorescence signals raised by g-tubulin, we permeabilized the cells in a cytoskeleton stabilizing buffer before fixation, a procedure that removed the soluble g-tubulin pool. Nuclear colocalization of both proteins as foci was observed by epifluorescence in exponentially growing RS1 cells as well as in C1 control cells (Figure 3a and not shown) and in HeLa cells (Figure 3f ) using two independent g-tubulin antibodies. Colocalized nuclear foci of g-tubulin and Rad51 were also observed in exponentially growing HeLa cells by confocal microscopy with a maximal foci number between the 20th and 24th slices out of 30 slices of 0.5 mm (not shown). In contrast, in all cases, Rad51 was not detected at the centrosomes which always exhibited a strong g-tubulin signal (arrows). In addition, the colocalization of both proteins was improved when C1, RS1, or HeLa cells were synchronized in S phase by aphidicolin. Moreover, increased nuclear colocalization of g-tubulin and Rad51 was observed after treatments with various DNAdamaging agents such as MMC, IR, or UV light that lead to different repair processes (Figure 3 ). When only secondary antibodies were used, no nuclear foci were detected.
In order to quantify these observations, we used cell image analyses of a large population of nuclei in each of the following conditions: asynchronous CHO cells C1, asynchronous Rad51 overproducer RS1, and S-phase synchronized RS1 cells, irradiated or not. For each nucleus, the number of colocalized foci, the total area corresponding to overlapping foci, and the amount of DNA were recorded. Figure 4 (panel a) clearly shows that the cells in S/G2 phase (red spots) of an asynchronous population exhibited higher numbers of colocalized nuclear foci and greater overlapping area values than cells in other phases, coloured in blue. The same observation was true for an exponentially growing population of Rad51-overproducing cells RS1 (Figure 4, panel b) . Synchronization of RS1 cells by aphidicolin treatment (Figure 4 panel c) led to the appearance of a population of nuclei (E 40%) containing a higher number of colocalized foci (more than 15 foci per nucleus) together with increased overlapping area values. When synchronized RS1 cells were irradiated with ionizing radiation, this population increased to 70% of the nuclei (Figure 4, panel d) , thus reflecting a global increase in Rad51 and g-tubulin colocalization following IR treatment. These results quantitatively confirm the enhancement of colocalized foci following S-phase synchronization and treatment by ionizing radiation observed previously (Figure 3) .
To ascertain that this increase was due to DNA damage and did not result from cellular stress, we treated the cells with different microtubule poisons acting on the a/b-tubulin heterodimer, colcemid, a microtubule-destabilizing agent (Margulis, 1974) , and taxol known to increase the assembly of cellular microtubules (Schiff et al., 1979) . Image analysis showed that both treatments did not increase colocalization of Rad51 with g-tubulin (not shown). These observations are consistent with a DNA damage-dependent association of Rad51 and g-tubulin in the nucleus of mammalian cells.
Discussion
A search of proteins present in soluble nuclear complexes containing the recombinase Rad51 has been performed by proteomic analysis using CHO cells mildly overexpressing Rad51. Among five Rad51 immunoprecipitates, g-tubulin was unequivocally identified twice by mass spectrometry analysis. The failure to identify gtubulin in the three other cases was likely due to the inability to distinguish this protein which migrates in close proximity to the IgG heavy chain, and due to the low level of g-tubulin which accounts for less than 1/10 000 of soluble proteins (Stearns et al., 1991) . The presence of Rad51 and g-tubulin in the same nuclear This observation was not a consequence of the mild overexpression of Rad51 since complexes containing Rad51 and g-tubulin were detected in several rodent cells showing a wild-type Rad51 level. Moreover, this association was identified in human cells using tandem affinity purification. Even though this purification was required in HeLa cells, it is possible that the amount of intranuclear soluble complexes containing both Rad51 and g-tubulin is somewhat variable according to the cell type or the mammalian species. Consistent with the concomitant presence of Rad51 and g-tubulin in the same mammalian soluble nuclear complexes, these two proteins were specifically observed in the nucleus by EM and appeared co-localized in S-phase, as shown by immunofluorescence in both rodent and human cells. The number of these overlapping foci and their overlapping area increased following genotoxic treatments. Interestingly, the appearance and the disappearance of g-tubulin foci followed the same kinetics as Rad51 foci (not shown). These observations demonstrate that gtubulin was present in some Rad51 nuclear complexes that participated in the formation of nuclear foci during S phase and after genotoxic treatment. g-Tubulin is a cytoskeletal protein, which is involved in the assembly of microtubules. It has been reported to be a constituent of g-TuSCs and g-TuRCs, the soluble complexes involved in microtubule nucleation (Wiese and Zheng, 1999) . However, g-tubulin interacts with other centrosomal proteins that are absent from the gTuRCs but are potentially involved in g-tubulin polar recruitment and/or nucleation activity (Wiese and Zheng, 1999; Hung et al., 2000; Takahashi et al., 2002; Casenghi et al., 2003) or centrosome cohesion (Thompson et al., 2004) . Moreover, this protein has been described in other complexes containing modification enzymes like kinases (Feng et al., 1999; Kukharskyy et al., 2004) or ubiquitin E3 ligases (Zhao et al., 2003; Starita et al., 2004) . Finally, a few partners with function apparently unrelated to centrosomal activity have been identified (Herreros et al., 2000; Rios et al., 2004) , among them a novel candidate for a cancer susceptibility gene ELAC2, which exhibits homology to the yeast PSO2/SNM1 family involved in DNA repair (Rios et al., 2004) . Hence, the identification of g-tubulin in a soluble complex containing Rad51 extends the multiplicity of its interactions. However, the presence of gtubulin in the nucleus of mammalian cells was somewhat surprising. Indeed, previous reported localizations of this protein in animal cells have been cytoplasmic. Located at the centrosome (Margulis, 1974; Rios et al., 2004) and the Golgi membranes (Kukharskyy et al., 2004) during interphase, g-tubulin is recruited to the mitotic poles in prophase. Then, it transiently relocalized in the spindle in metaphase and at the minus extremities of the midbody during cytokinesis (Julian et al., 1993; LajoieMazenc et al., 1994) . g-Tubulin was detected in the nucleolus by proteomic analysis (Andersen et al., 2002) and once in HeLa cell nuclear extracts by Western blot analysis (Korver et al., 2003) , but these observations could result from an artefact caused by redistribution of the protein. Our data show unequivocally for the first time that g-tubulin is present in the nucleus of mammalian cells.
It is likely that the association of Rad51 and g-tubulin in the same complexes is not directly related to microtubule nucleation. On the one hand, Rad51 could not be detected at the centrosome either by immunodetection (this study) or by proteomic analysis (Andersen et al., 2003) . On the other hand, no microtubules are detected in mammalian interphase nuclei by EM and by immunolabelling. Hence, the role of g-tubulin in microtubule nucleation does not account for its presence in mammalian nucleus. In contrast, the concomitant recruitment of g-tubulin with Rad51 in nuclear foci could be related to a role of g-tubulin in DNA repair by homologous recombination through the activation of the repair machinery and/or signalling pathways involved in cell cycle and/or centrosome regulation. Data concerning these possibilities are scarce. It has been clearly demonstrated in Drosophila embryos that genotoxic stress or incompletely replicated DNA triggers centrosome disruption in mitosis, leading to defects in spindle assembly and in chromosome segregation (Takada et al., 2003) . Comparable responses were described in somatic mammalian cells where centrosomes split in the presence of incompletely replicated or damaged DNA (Hut et al., 2003) . Interestingly, defects in homologous recombination by loss or mutation of Rad51 or its paralogs XRCC2 and XRCC3 induce a dispersion of centrosomal markers (Griffin et al., 2000; Bertrand et al., 2003; Dodson et al., 2004) . Moreover, the loss of function of three Rad51 partners, p53, BRCA2, and BRCA1, also leads to centrosome amplification (Deng, 2002; Kraakman-van der Zwet et al., 2002; Tutt and Ashworth, 2002) . Two of these proteins, p53 and BRCA1, are localized in the centrosome during mitosis (Hsu and White, 1998; Ciciarello et al., 2001) . Our finding of the presence of g-tubulin together with Rad51 in the nuclear foci suggests an additional link between DNA repair and centrosome regulation. This process seems to be independent of p53 status since colocalization was observed either in p53 mutated strains as CHO cell lines and in the p53 wildtype CHEF cell line (unpublished observations). BRCA1 could be the common partner of g-tubulin and Rad51. In its hyperphosphorylated form, it colocalizes with Rad51 in nuclear foci in S-phase cells and following DNA damage (Scully et al., 1997) , conditions in which g-tubulin is present in the same foci. In the mitotic centrosome, hypophosphorylated BRCA1 specifically interacts with g-tubulin (Hsu and White, 1998) . Changes in BRCA1 phosphorylation could lead to nuclear interaction with g-tubulin. BRCA1 could then ubiquitinate g-tubulin in the centrosome (Feng et al., 1999) , thereby signalling the cell to proceed in the cycle when repair is over. Although the exact physiological role of the contribution of g-tubulin to Rad51 complexes remains to be elucidated, it is possible that this association links DNA repair with mitosis.
Materials and methods

Cell lines
Chinese hamster ovary cells AA8 overproducing Rad51 (RS1) or carrying the empty pRcCMV vector (C1) (Vispe et al., 1998) were grown in aMEM medium (Invitrogen) supplemented with 10% fetal bovine serum and geneticin (500 mg/ml), while HeLa cells, hamster cells V79 and Chinese embryonic cells were grown in DMEM medium.
S-phase synchronization and nuclear extract fractionation
For synchronization, cells grown in aMEM containing 2 mg aphidicolin (Sigma) for 15 h, were washed three times with medium and post-incubated for 1 h to obtain an S-phaseenriched population. Nuclear extracts were prepared using the Nu-CLEARt extraction kit (Sigma).
Immunoprecipitation
Nuclear extracts (0.35-2 mg in a final volume of 600 ml) were first incubated (41C for at least 2 h) with 1 mg antiRad51 antibodies or rabbit IgG (Sigma), then for another hour after addition of 20 ml of a 50% protein A sepharose suspension, and centrifuged at 2000 r.p.m. for 2 min. Beads were washed four times in 800 ml IP buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 0.5% NP40, and antiprotease complete TM (Roche)). Bound proteins were analysed by SDS-PAGE and submitted to either Colloidal Coomassie blue coloration for mass spectrometry analysis or to immunoblot analysis with either antiRad51 antibodies or anti-g-tubulin antibodies.
Nano-LC-MS/MS and Maldi Tof analyses and database search
Bands were excised from the gel and in-gel digestion was performed as described (Wilm et al., 1996) with minor modifications. Briefly, bands were destained and dried under vacuum. Proteins were reduced with 10 mM DTT in 100 mM NH 4 HCO 3 for 35 min at 561C, and alkylated with 55 mM iodoacetamide in 100 mM NH 4 HCO 3 for 30 min at room temperature in the dark. Trypsin digestion was performed overnight at 371C with shaking. The peptide mixture was extracted twice by shaking in H 2 O/CH 3 CN/HCOOH (45/50/5, v/v/v) for 30 min at 371C, dried and resuspended in 10 ml of H 2 O/CH 3 CN/HCOOH (99/1/0.1, v/v/v) for mass spectrometry analysis. One half of the tryptic digest was analysed by on-line capillary HPLC (LC Packings) coupled to a nanospray LCQ ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA). Peptides were separated on a 75 mm ID Â 15 cm C18 PepMapt column (LC Packings). The SEQUEST search engine was used for protein identification by searching in nonredundant (NCBInr and SwissProt) databases with MS/ MS spectra. The identification resulting from a SEQUEST search was confirmed by manual interpretation of corresponding MS/MS data.
The other half of the tryptic digest was analysed using a Maldi-Tof mass spectrometer (DE STR Applied Biosystems, Framingham, MA, USA). After desalting using a mZip-Tip C18 (Millipore), 1ml of peptides elution solution was applied onto the Maldi probe and mixed with 1 ml of a-cyano-4-hydroxycinnamic acid matrix solution. The matrix solution was 4 mg/ml (H 2 O/CH 3 CN/TFA, 50/50/0.1, v/v/v). Data acquisition was performed in positive reflector mode using an accelerating voltage of 20 kV, 180 ns delay time and mass range of m/z 700-3500 Da. The spectra were calibrated with the trypsin peptides at 842.51, 2211.1046 and 2283.18 Da. Peptide mass fingerprints with monoisotopic masses were used to search against the Swiss Prot and NCBInr databases using the MS-Fit program (UCSF; http:/prospector.ucsf.edu). Positive identification required a mass deviation of no more 20 ppm.
Antibodies
Polyclonal antiRad51 antibodies were produced by immunization of two rabbits with recombinant Chinese hamster (Crisetulus griseus) CgRad51 protein purified from the bacterial strain BL21DE3DrecA, plysS carrying the pET14-brad51. The antiserum was purified on an affinity column coupled to the antigen. Two antibodies against g-tubulin were used: the mouse monoclonal anti GTU80 and the rabbit polyclonal R75 (Julian et al., 1993) .
Tandem affinity purification
HeLa cells were stably transfected with pRcCMV Rad51Tap-tag. A 682 bp fragment containing the Tap tag was PCR amplified from pBS1539 (Puig et al., 2001 ) obtained from Cellzome using as primers 5 0 -GAAGCTATGTTCGCCATT AATGCAGATGGAGTGGGAGAGATGCCAAAGACTCC ATGGAAAAGAGAAGATGGAAAAAGAATTTCA-3 0 and 5 0 -CAACTTAATGGTAAGGAACAACAAGCGGCC-3 0 creating NcoI and XbaI sites. Human RAD51 cDNA was obtained by PCR from the pEG928.1 vector (a generous gift of E Golub). Primers were 5 0 -AGCGCGGCCGCATGGCAATG CAGATGCAGCTT-3 0 and 5 0 -CGTCTAGACTTTTCCATG GAGTCTTTGGCATCTCCCACTC-3 0 producing NotI and XbaI sites. The resulting 1 kb fragment was cloned into pBluescript II KS between the NotI-XbaI sites. The Taptag sequence was then introduced between the Rad51 downstream NcoI site and the XbaI site. Finally the NotI-XbaI hRAD51-Taptag fragment was introduced into the pRcCMV vector. Cellular extracts were prepared from 10 8 to 10 9 HeLa cells in S phase. The purification was performed as described (Rigaut et al., 1999) . Briefly, the Rad51 fusion and associated proteins were recovered by affinity selection on an IgG matrix. After TEV protease digestion, the released eluate was purified by affinity on calmodulin beads in the presence of calcium and the components were eluted by EGTA.
Electron microscopy (EM)
RS1 synchronized cells were washed in PEM (80 mM PIPES, pH 6.9,. 5 mM EGTA, 1 mM MgCl 2, fixed in PEM/1% glutaraldehyde for 40 min and washed in TBS. Then, cells were treated for immunocytochemistry (monoclonal antibody GTU-88, Sigma, 1/100, 371C, 3 h; gold-labelled secondary antibody (Molecular Probes), 1/50, 371C, 90 min). Rad51 labelling with polyclonal antibodies was performed in the same conditions except that cells were previously lysed during 2 min in PEM/1% triton. The quantification parameter used was the density of gold particles per 85 nm 2 . Measurements were the average of at least seven independent quantifications.
Immunofluorescence and cell imaging
Cells, grown on coverslips up to 10 5 cells/ml, were permeabilized in a microtubule stabilizing medium, fixed with 3% formaldehyde (protocol B, Lajoie-Mazenc et al., 1994) and processed for immunofluorescence: first with anti-Rad51 antibodies (dilution 1 : 500, 2 h, 371C) and then with antirabbit Texas Red coupled antibodies (dilution 1 : 60, 45 min, 371C); second with anti-g-tubulin antibodies (2 h, 371C) and then with anti-mouse FITC antibodies (45 min, 371C). Nuclei were stained with DAPI.
Cell image analyses were conducted using the cell image analysis system of IMSTAR SA (Paris, France). Immunofluorescent foci were analysed as follows. Briefly, nuclei were first detected using DAPI staining allowing the constitution of masks of the different nuclei. The green (FITC) and red (TRITC) spots were then separately detected in each nucleus at each level in the z-dimension (seven slices; slice distance 4 mm), with a threshold definition excluding centrosomes for the green staining and subtracting the background for both. The colocalization was then defined by the simultaneous presence of green and red fluorescence in one spot. The number of colocalized foci per nuclei, the foci overlapping area and the amount of DNA (DAPI intensity) were recorded for each nucleus.
